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A Introduction and Methods
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A Introduction to known and possible ocean worlds in the solar system
A Hypothesis: oceans can be generated by metamorphism

A Results and Discussion

Metamorphism in Europa
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Production of volatiles in Europa: clathrates or loss to space?

Metamorphism in Ceres: Effects on density
Metamorphic fluid composition in Ceres: A second generation ocean?
Metamorphic minerals in meteoritélmahataSitta A link to Ceres?
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A relationship between tidal dissipation and habitability In
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State of freezing
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Europa Is dense ( ~3000 kgjnsompared to Ceres.
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¢ K S Mispedvidenceof hydration& dehydration
metamorphismn the possiblebuildingblocksof oceanworlds
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CM chondrite QUE 93005,15 CM2 chondrite Nagoya/élbelet al., 2012)
(Velbel& Palmer, 2011)

Serpentinez Olivine + Orthopyroxene +,8
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Hypothesesl) Oceansn oceanworldsare formedby metamorphicreactionsin the
deepinterior duringdifferentiationor tidal dissipation
HU |/ IGNEBN&it@mantle(~2430,0r ~2700 kg/m) andslightdeparturefrom
hydrostaticityis a resultof partialdifferentiation

Accreted body Coreless body Body with a core

(homogeneous:omposition) (Current Titan and Ceres, and (Present Europa and Ganymede)
Past Europa?)

Planetary differentiation trend
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should be ~2700 kg/f(Mao and McKinnon, 2018) or ~2430 kgfermakowet al. 2017).
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open system, irreversible fluid loss!

Methods

A Predicting the stable phase assemblage by Gibbs energy minimizatiorPespig_Xe.g. Connolly, 2009)
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Molar fraction of phasé
Mass balance equatiortd B ¢ —

*
Composition of componentin phasek

Required: Gibbs free energy of formation at standard conditiofsE@ropy at standard condition§§
Enthalpy at standard conditionkif) Molar volume (V)

Crucially: thermodynamic coefficients/compisgecific parameters/HKF EOS to extrapolate caloric properties
to other pressures and temperatures
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Variables tested for Europa

Before differentiation After differentiation
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Interior heatingmodels Constraininghe amountof
fluid producedinsideEuropa prior taoresegregation

Fluidmassextractedfrom the interior at Resultingdensityafter fluid extractionfrom the
different pressured depthsandtemperatures interior atdifferent pressuresandtemperatures
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~  Europaresults: Exsolved volatiles during metamorphism




Interior heatingmodels
cconaie  Changingmineralogywith increasingemperature

Focus here on GPa
inside the rocky interior

Atg= antigorite Lz=lizardite
Bt = biotite Mgs = magnesite
Chl= chlorite Mica = mica
Cpx=clinopyroxene Ol= olivine
_ Dee =deerite Opx= orthopyroxene

CM chondrite Dia= diamond Pmp=pumpellyite
Dol= dolomite Py= pyrite
Grt= garnet Spl= spinel
Gth = goethite Tlc= talc
Lws=lawsonite Tro=trolilite

1 extract= Sum ofolatilesextracted

Europa results: Changing mineralogy with increasing temperature



